A thermoluminescence dosimetry system suited for a survey of high-energy bremsstrahlung in U. S. radiation-therapy departments has been selected and calibrated. The experiments leading to the choice of the recommended operational characteristics, including dosimeter handling, annealing and readout, dosimeter stability in the contemplated mode of operation, dosimeter response over the photon-energy range to be covered, irradiation geometry and irradiation level are treated in detail. Results are reported of a pilot study involving the shipment of a typical survey assembly (a plastic phantom loaded with a set of dosimeters) for irradiation in one U. S. therapy department and the overall uncertainty of the proposed survey procedure is discussed.
Introduction
The objective of this study was to design, evaluate and calibrate a mailable dosimeter system suited for a survey of the dosimetry in bremsstrahlung beams used in the United States' radiation-therapy departments. The actual surveying will be conducted by the Bureau of Radiological Health (BRH), who supported this work. Only beams with maximum bremsstrahlung energies between 4 and 10 MeV were to be considered, and the survey system was to be similar to the one used by the BRH for other on-going dosimetry surveys. The system was to be capable of dose interpretation with an uncertainty of less than 5 percent.
Based on early results of tests of a water and a Lucite phantom, and following the suggestions of an AAPM liaison committee, it was decided to do all further work with the Lucite phantom. Although this will result in a more expensive mailing kit, a higher degree of reproducibility is expected than with a mailing kit such as that used by the IAEA.2 (The IAEA holder is loaded with dosimeters by the participants, who then insert it into their own water vat.) After further discussions, it was agreed that BRH, in their instructions to the participants, would ask them to administer to the Lucite phantom, at a depth of 10 cm, the dose computed for a depth of 10 cm in water, i.e., carry out the irradiations as if the phantom were water rather than Lucite. As a result, we henceforth determined high-energy bremsstrahlung absorbed doses at this depth. We also decided to carry out the main bulk of the high-energy bremsstrahlung calibrations at the 1.0-Gy level. This removes the need for additional annealing procedures to eliminate interference from spurious signals, possibly associated with deeper, hard-to-empty electron traps.
The Selected TLD System
The TLD system used for most of these studies was the Harshaw 2000D** hot-nitrogen reader. With this instrument, up to 52 dosimeters can be read out auto-* Reference 1 is an expanded version of this paper. Commercial product identification does not imply a recommendation or endorsement by NBS, nor does it imply that NBS considers the identified products to be the best available for the purpose. 1614 matically in sequence. The readout cycle is fixed at 15 sec and only the temperature and the flow rate of the nitrogen are adjustable.
The dosimeters used were the Harshaw TLD-100 (LiF) chips, .32 cm x .32 cm x .08 cm, identical to those used at BRH.3 The LiF (TLD-100) dosimeters were never exposed to direct sunlight or any other illumination containing a large ultraviolet component. A vacuum pickup was used for dosimeter transfer. Between experiments, the LiF (TLD-100) dosimeters were annealed in blocks of 100 on a stainless-steel tray. Pre-irradiation annealing consisted of first placing the loaded trays for 1 hour in a 2-KW muffle furnace maintained at a temperature of 400°C; then allowing them to cool for 30 minutes on a Transite (asbestos) surface and subsequently placing them for 1 hour in a CENCO laboratory oven maintained at 100°C. After another cooling cycle on the Transite sheet, the dosimeters were ready for the next irradiation. Immediately preceding readout, the dosimeters were loaded into the Harshaw disc-type readout holders and the holders were placed in the 100°C CENCO oven for another 10 minutes of heating, followed again by cooling on Transite. ations, the samples were irradiated bare, supported on a Bakelite strip. For the cobalt-60 and cesium-137 irradiations, an electron-equilibrium layer of about 5 mm of Lucite was used over the dosimeters. Figure 1 shows average dosimeter sensitivity (response per unit exposure) as a function of effective photon energy*, all relative to the sensitivity to cobalt-60 gamma-ray photons. There is a relatively large increase in dosimeter sensitivity at low-photon energies amounting to about 50 percent at 34 keV. As a result of the increase in sensitivity at low photon energies of the LiF dosimeters, the depth-dose data that will be obtained in the survey may not exactly correspond to depth-dose data as measured with ion chambers. This will be of no significance in the envisaged survey, in which the participants will be asked to deliver an absorbed dose to water at one prescribed depth in the Lucite phantom. Nevertheless, in order to investigate the limitations of the present system, we also computed response for a given irradiation level as a function of depth in water from the response as a function of depth in Lucite. The response as a function of depth in Lucite was measured by maintaining the distance between the source and the detector at 1 meter and changing the depth of the dosimeters inside the phan~tom. For all irradiations, the beam cross section in the plane of the dosimeters was 10 cm x 10 cm. Dosimeter readings were related to absorbed dose to water at the same location, utilizing source-standardization data derived from absorbed-dose calorimetry in the same beam for the same field size and distance.
The depth in water (t water) equivalent to a given depth in Lucite (tLucite) was computed as twater tLucite (aZ/A ) Lucite/'Y-water' (1) where (Z/A) stands for the average of the quotient of atomic number and atomic weight here taken for Lucite and water, respectively, as indicated by the subscripts. at which the percent depth dose in water is the same as the percent depth dose at the depth, tLucite' in Lucite.8 Figure 2 shows the results. The dosimeter readings were arbitrarily fitted at a depth of 5 Figure 3 shows the results of the study, which covers storage periods between irradiation and readout in the range from about 3 to 24 days at three cobalt-60 gamma irradiation levels (0.1, 1.0, and 2.0 Gy). The The data shown in the table reveal a slight trend of questionable significance (i.e., a trend within the limits of the reproducibility of the experiment) for the presence of dosimeters at other depths to decrease the response of the dosimeters at the 10-cm depth--at least for cobalt-60 gamma radiation and 4-MV bremsstrahlung. Nevertheless, it is safe to conclude that the BRH plan to load the mailing phantoms in several depths beyond the peak of the depth-dose curve is entirely feasible. In fact, the work reported below was performed in a cubic phantom with 20-cm sides, loaded with dosimeters at nominal depths of 2.5 cm, 5 cm, 10 cm and 15 cm. The field was 10 cm x 10 cm at a depth of 10 cm.
LiF (TLD-100) Response at a 10-cm Depth in the Lucite Phantom for Irradiation with Cobalt-60 Gamma Radiation and with High-Energy Bremsstrahlung
The cobalt-60 gamma irradiations were performed with one of the NBS standardized sources. Irradiations with high-energy bremsstrahlung were done with accelerators both at the Radiation Oncology Department of the National Cancer Institute and at the Radiation Therapy Department of George Washington University Hospital. At the National Cancer Institute, the two Siemens Mevatrons were used at 6 MV and one of them also at 10 MV after its conversion to a Mevatron-XII. At George Washington University Hospital, we used the Clinac-4 and the Clinac-18, at 4 MV and 10 MV, respectively. The source-to-detector distance was 100 cm for all but the 4-MV high-energy bremsstrahlung beam, where it was 80 cm. For the high-energy bremsstrahlung, absorbed dose to water at a 10-cm depth in a water phantom was determined from readings of Farmer ionization chambers, with a random reading uncertainty of about 0.3 percent. The irradiations for the second series were all completed within a period of two days and all readouts were done in one sitting. For the high-energy bremsstrahlung, absorbed dose to water was determined from readings of a special NBS graphite ionization chamber, with a * It is not too surprising that the difference is not large, even in the light of the known dependence of supralinearity on LET'0 1 since it may be expected that at the 10-cm depth at which the dosimeters were irradiated, the spectra had become much more similar. Relative Depth Dose in Lucite Phantom Derived from Li F(TTLD-100) Response Figure 6 shows representative depth-dose data for depths of 2.5 cm, 5 cm, 10 cm and 15 cm in Lucite obtained in the study described in the previous sections. Inasmuch as the participants in the BRH survey will be asked to determine absorbed dose to water at a depth of 10 cm in the phantom, all data are plotted relative to the dose at this depth. Analysis of least-squares fits (such as the solid lines shown in the figure) indicate that the method may be sufficiently accurate for obtaining some information on a participant's gross beam energy from survey data at three or four different phantom depths, but that it will be difficult to detect small differences among linear accelerators of the same nominal energy. Dependence of LiF (TLD-100) Sensitivity on Irradiation Hi story
The experiments described were all carried out with the same set of 100 dosimeters. In order to study the behavior of the dosimeters after irradiation at levels higher than the %5-R test level, the change in the response to the test irradiation is plotted in figure 8 for the average readings of a group of nine dosimeters irradiated simultaneously. The points again are for the response to the test irradiations. Where experiment cycles were interspersed, the irradiation types and levels are indicated. Note that a 4.0-Gy irradiation causes a sensitivity increase of %8 percent, followed by a decrease in sensitivity of %3 It is envisioned that the survey protocol will require that the participants be furnished a Lucite phantom loaded with LiF (TLD-100) dosimeters from a batch in which TLD sensitivity had been characterized either for each individual dosimeter or for the batch as a whole. The participants will be asked to deliver a prescribed absorbed dose to water (say, 1.0 Gy) to a point at a 10-cm depth in the phantom, computing the dose as if the phantom material had been water. At the same time, TL dosimeters from the same batch will be irradiated by BRH with cobalt-60 gamma radiation from one of the standardized NBS sources at suitable calibration levels, in a similar phantom. BRH then will compute the high-energy bremsstrahlung absorbed dose to water delivered by the participant (Dpartic.) at a 10-cm depth in the water phantom from the average dosimeter response of the dosimeters irradiated by the participant (rparti ) at a 10-cm balt-60 gamma-ray calibration of the ion chamber and in the factor C;, both used in the determination of absorbed dose to water in the high-energy bremsstrahlung beam. It is estimated that, in the envisaged survey procedure, a minimum random uncertainty of "1.5 percent is associated with batch-calibrated dosimeters, as compared 1620 to "1 percent for individually calibrated dosimeters; the corresponding overall uncertainty in the dose interpretation from the readings on nine identically irradiated dosimeters is x4 percent for batch-calibrated dosimeters and %3 percent for individually calibrated dosimeters.
